Previous studies have demonstrated that afternoon naps can have a negative effect on subsequent nighttime sleep in children. These studies have mainly been based on sleep questionnaires completed by parents. To investigate the effect of napping on such aspects of sleep quality, we performed a study in which child activity and sleep levels were recorded using actigraphy. The parents were asked to attach actigraphy units to their child's waist by an adjustable elastic belt and complete a sleep diary for 7 consecutive days. 50 healthy young toddlers of approximately 1.5 years of age were recruited. There was a significant negative correlation between nap duration and both nighttime sleep duration and sleep onset time, suggesting that long nap sleep induces short nighttime sleep duration and late sleep onset time. We also found a significant negative correlation between nap timing and nighttime sleep duration and also a significant positive correlation between nap timing and sleep onset time, suggesting that naps in the late afternoon also lead to short nighttime sleep duration and late sleep onset. Our findings suggest that duration-controlled naps starting early in the afternoon can induce a longer nighttime sleep in full-term infants of approximately 1.5 years of age.
The first few years of life are associated with marked changes in the amount and distribution of sleep. Between 0 and 5 years of age, the frequency of afternoon naps declines and the biphasic sleep-wake pattern gives way to a consolidated pattern of sleep occurring only at night. Moreover, the basic sleep structure for young children has been reported to be established by 1.5 years of age and remains similar at least until 5 years of age [1] [2] [3] [4] [5] [6] . There have been several population studies concerning changes in the amount and diurnal distribution of infants' and children's sleep mainly based on sleep questionnaires completed by parents, indicating that the longer the nap durations of children, the later they went to bed [7] [8] [9] [10] . Using activity recording devices, Acebo et al. 1 also confirmed similar effects of nap duration on the nighttime sleep of children. Although their study greatly contributed to the scientific understanding of sleep development of young children between 1 and 5 years of age, their study population was relatively small. In particular, the number of children aged 1.5 years-a key age at which children form their sleep structure-was less than 30. In addition, they calculated nap duration with a time resolution of 30 minute units, and may have underestimated the effects of nap on bedtime timing since the nap duration of children aged 1.5 years is a relatively short duration of approximately 2 hours 1 . A recent systematic review also indicated that previous studies on infant sleep rely mostly on parent reports and suggested that the studies should use independent physiological measurement of sleep behaviors. The review concluded that there is consistent, but low-quality, evidence that napping is increasingly associated with delayed night sleep onset and disrupted night sleep at least at >2 years of age 6 . In the current study, to examine the effects of daytime nap on the nighttime sleep quality of young toddlers of approximately 1.5 years of age, we investigated the daytime napping patterns and nocturnal sleep-wake patterns of 50 children using actigraphy and also examined if long nap duration actually deteriorates sleep quality in the subsequent night among toddlers. Our study is the first report on trends in actigraphic findings on daytime activity and nighttime sleep of young toddlers of 1.5 years of age, an age at which a regular child health examination is performed nationwide in Japan.
Results
The characteristics of the 50 infants are shown in Table 1 . Toddlers' sleep environment is shown in Table 2 . Toddlers' sleep variables such as average bedtime, average wake time, average nighttime sleep duration, and average nap duration are also shown in Table 3 . No differences were found between boys and girls in any of the sleep variables (t-test, p > 0.05). In addition, no differences were found in the durations of naps and nighttime sleep between weekdays and weekends (t-test, p > 0.05). Figure 1 demonstrates representative daily activity-rest patterns of full-term infants of approximately 1.5 years of age, indicating the existence of various nap patterns among toddlers. There were significant negative correlations between nap duration and nighttime sleep duration (r = −0.57, p = 0.000), and also positive correlations between nap duration and sleep onset time (r = 0.37, p = 0.008) and nap-end time (r = 0.36, p = 0.011) ( Table 4 , Fig. 2) . Like nap duration, we also found significant negative correlations between nap-end time and nighttime sleep duration (r = −0.31, p = 0.028), and positive correlation with sleep onset time (r = 0.52, p = 0.000) and nap duration (r = 0.36, p = 0.011) ( Table 4 , Fig. 3 ). The data suggested that both long nap duration and naps in the late afternoon induce short nighttime sleep duration and late sleep onset. The analysis also suggested that late nap-end time leads to long nap duration since a significant positive correlation between the nap-end time and nap duration were found.
Discussion
The present study indicates two significant factors influencing the nighttime sleep of toddlers at approximately 1.5 years of age. First, our actigraphic data confirm that, in 1.5-year-old children, naps affect nighttime sleep, consistent with previous studies based on sleep questionnaires, which have indicated that the longer the nap duration of children, the later they went to bed. Using actigraphy, the current study also found that 'longer nap duration' is significantly associated with shorter nighttime sleep duration and later sleep onset. However, our data differs from the actigraphic data of 1.5-year-old children from Acebo et al. 1 , in that their data did not show a significant association between nap duration and sleep onset time. The difference may come mainly from the Gestational age at birth (weeks), mean ± s.d.
39. time resolution used for nap recording (30 minute units and 1 minute units for Acebo et al. 1 and the present study, respectively) because the toddlers' average nap duration of 1.9 ± 0.8 hours in the present study could be underor over-evaluated by a parents' sleep diary using a 30-minute time resolution, which would tend to cause larger data variation. In addition, difference between the data by Acebo et al. 1 and our data may also come from the difference in the sample number of children for statistical analysis (29 and 50 children for Acebo et al. 1 and the present study, respectively). In addition a previous questionnaire study 11 reporting that children (50-72 months, n = 168) who experienced >60 minutes of mandatory nap time in child care had significantly less nighttime sleep than those with 0 to 60 minutes of mandatory nap time. The same group also closely investigated the nap patterns of preschool children (3-5 years, n = 2,114) 12 . They reported that 83.5% of child care settings implemented a mandatory nap time (range = 15-145 min) while 14.2% provided alternate activities for children throughout the nap time period and also found that 31% of all children napped during nap times. Second, the current study also described a new finding, which was that, like nap duration, "later nap-ending time" is significantly associated with shorter nighttime sleep duration, later sleep onset time, and also nap durations. This suggests that parents might be able to prolong toddlers' nighttime sleep duration simply by advancing the nap-ending time since correlation analysis indicates that nap durations might be significantly affected by nap-ending time. In addition, interestingly, both nap durations and nap-ending time do not have significant correlations with total sleep duration, which is the summation of nap and nighttime sleep durations. The data suggest that nap duration and nap-ending time simply controls the distribution ratio between nap and nighttime sleep durations in total sleep duration but does not affect the amount of total sleep duration. There is still an ongoing debate whether either nap or nighttime sleep is more valuable to achieve proper child health and development or if only total sleep duration is an important factor for healthy child development. However, a recent study at least reported that daytime naps improve word learning in toddlers of 16 months of age 13, 14 . A further study using additional physiological parameters will be required to obtain appropriate answers regarding sleep issues in child development.
There are a number of limitations that should be considered in the interpretation of the results. First, because of the relatively small sample size (n = 50), this study did not fully perform analysis on sex difference in actigraph Table 4 . Correlations between sleep variables (*p < 0.05, **p < 0.01). variables. Since the study population is also not well-balanced between boys (n = 32) and girls (n = 18), a study population with a larger sample size will be required to make a satisfactory statistical analysis on the effect of sex difference on toddlers' sleep variables in any future study. In accordance with Acebo's study, however, the present study confirms that effect of sex difference was not significant for any actigraph variable among the toddlers at approximately 1.5 years of age (Table 3) . Second, because a detailed parent questionnaire was not included in the study, we were not able to precisely examine the similarities and dissimilarities between actigraph data and parent questionnaires. In a previous study, Acebo et al. 1 found well-matched data between actigraph data and parent-reported observations. Finally, the present study did not fully investigate the effect of nap duration or timing on night time sleep because we did not perform an RCT study, which would expose children to two different nap durations. Such an RCT study would further strengthen the findings of the present study that daily naps with short periods and starting early in the afternoon can induce a longer nighttime sleep for toddlers at approximately 1.5 years of age.
Methods
Participants. Young toddlers of approximately 1.5 years of age were recruited at the Children's Clinic of St.
Luke's International Hospital (Tokyo, Japan). Inclusion criteria were as follows: (1) full-term pregnancy (defined as ≥37 weeks' gestational age) and (2) the absence of known physical or mental disability or of severe developmental delay in the infant. Exclusion criteria was parental language difficulties. Of 72 eligible toddlers, 22 were excluded because sleep data were invalid due to technical problems with the activity recording devices or incomplete description of sleep diary. The final sample thus consisted of 50 young toddlers (32 boys, 18 girls). The ethics committees of the St. Luke's International Hospital and the National Center of Neurology and Psychiatry approved the study protocol (UMIN000019696) and all procedures were carried out in accordance with the approved guidelines. Written informed consent was obtained from the parents.
Activity and sleep assessment. Actigraphy. For activity and sleep measurement we used actigraphy.
Actigraphy is based on a miniature wristwatch-like accelerometer which is attached to the wrist, ankle or waist and continuously records movement for an extended period. The actigraphy device used in the present study was the Actigraph (Micro-mini RC, Ambulatory Monitoring Inc., NY, USA). The parents were asked to attach the Actigraphs to their child's waist with an adjustable elastic belt for 7 consecutive days. Waist attachment was chosen as we found it less disturbing than wrist or ankle attachment and actigraphic data has been reported to be reliable at various attachment locations, including the wrist, ankles, and waist. Previous studies have also demonstrated that a minimum of 7 nights was necessary to obtain reliable data 15 . Motility levels were sampled in the zero-crossing mode in 1-min epochs. The resolution of the Actigraph was set at 0.01 G/s. The activity data recorded by the Actigraph was later downloaded using ActMe software (ver. 3.10.0.3,Ambulatory Monitoring Inc.), and then sleep measurements were analyzed using Action-W software (ver. 2.4.20, Ambulatory Monitoring Inc.). During the study, time intervals when the device was removed, for example, during bathing, were recorded in a sleep diary by parents.
Sleep diary. Parents were instructed to complete a sleep diary for the 7-day period while their child was wearing the Actigraph. The diary consisted of seven 24-hr single-sheet schedules, in which parents were asked to write information such as time of nap, going in/out of bed, bathing and night awakenings of which they were aware.
Statistical analysis.
Statistical analyses were performed with SPSS Statistics 21.0 (IBM Corp. Armonk, NY, USA). Summary measurements are presented as means ± s.d.s. Pearson correlation was used to assess associations between variables, respectively. The gender difference in sleep environment and bedtime routine was analyzed using a χ 2 test for categorical data and a t-test for continuous data.
